Introduction
In recent years selenium (Se) has received considerable attention as an essential element for human health. Severe Se deficiency is linked to oxidative stress and ageing (1) , elevated mortality with HIV (2) and irreversible brain injury (seizures, Parkinson's disease) (3) . Se occurs in nature principally in four inorganic chemical forms: the highly toxic selenide (Se 2-) (4), the moderately toxic selenate (SeO 4 2-) and selenite (SeO 3 2-) and elemental selenium (Se 0 ) which is essentially nontoxic and can be stored by several bacterial species as nanoparticles on the cell surface (5,6,7).
Inorganic selenium can be converted by biological systems (microorganisms, plants and mammals) into seleno-amino acids which are then incorporated into proteins. The two most common selenoamino acids are selenomethionine (SeMet) and selenocysteine (SeCys). The former is synthesized via a route similar to the sulfur metabolic pathway while selenium substitutes sulfur with no alteration of the protein structure (8, 9) . The insertion of SeCys is genetically encoded by the UGA (TGA) codon and requires a SECIS element downstream of such a codon, a specific tRNA
[Ser]Sec and accessory proteins (10) .
Selenoproteins containing genetically encoded SeCys are known to be synthesized by several bacteria. Among Gram negative ones, E. coli produces three forms of selenated formate dehydrogenase (FdhN, FdhO, FdhH) (11) . Among Gram-positive bacteria, all the selenoproteins experimentally known were found exclusively in anaerobic bacteria belonging to the clostridial clade. Examples include glycine reductase from Clostridium sticklandii (12) and Eubacterium acidaminophilum (13) , proline reductase in C. sticklandii (14) , xanthine dehydrogenase in C.
acidiurici (15) and several antioxidant defense proteins (16) . Enterococcus faecalis is the only member of the Firmicutes/Lactobacillales subdivision containing a SeCys-decoding trait (SelD) (17) .
Lactobacillus reuteri species has been widely described as a probiotic: it produces antimicrobial compounds, such as reuterin, with a broad spectrum of action (18) , it is effective against diarrhea in children (19) and possesses immunomodulatory (potent TNF-inhibitory activity)
effects in humans (20) . Since L. reuteri species are native inhabitants of human microbiota, the association of the probiotic feature L. reuteri Lb2 BM-DSM 16143 with its ability to fix selenium into proteins, offers an innovative approach to combat human selenium deficiency.
The objectives of this study were to investigate the ability of Firmicutes/Lactobacillales subdivision, Lactobacillus reuteri Lb2 BM-DSM 16143to incorporate selenium into proteins, and to investigate, for the first time, its speciation in order to identify the pathway(s) of this process (SeMet or SeCys). For this purpose an analytical approach based on laser ablation inductively in closed 250-mL screw-cap bottles, at 37°C without shaking. Two biological replicates were performed.
Reagents and chemicals
All the reagents were of analytical grade from Sigma -Aldrich (USA) unless stated otherwise.
Water obtained from a Milli-Q purification system was used throughout.
Microwave-assisted digestion and ICP-MS analysis
Three types of samples were collected at different times during the cell growth: i) pellet (to quantify cell incorporation of Se): an aliquot of culture containing 0.14 mg bacteria (dry weight), corresponding to 0.5 OD, was taken and centrifuged (10,000 g, 4°C, 15 min); ii) supernatant (to evaluate the amount of Se which was not taken up): 1 mL of the culture broth was centrifuged at 10,000 g, 4°C, 15 min in order to separate the biomass and to recover the supernatant, and iii) wash supernatant (to recover surface-associated Se(0) deposits (5): the harvested biomass was washed with 1 mL 50 mM EDTA, and centrifuged at 10,000 g (4°C, 15 min).
Each sample (i) pellet resuspended in 1 mL water; ii) 1 mL of supernatant; iii) operating with helium as cell gas. The parameters were set as follows: radiofrequency power 1550 W, plasma gas flow 14 L min -1 ; carrier gas flow 1.0 L min -1 ; He gas flow 4.6 mL min -1 .
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Se was used to quantify selenium using a 4-point calibration curve (1, 10, 50 , and 100 μg L -1 ) prepared in 5% HNO 3 . An internal standard ( 103 Rh) was added to all the samples and calibration points.
Extraction of proteins
After 6h of growth a 50 mg amount of biomass was collected by centrifugation and washed in 50 mL 0.85% NaCl. The obtained pellet was resuspended in 3mL 50mM Tris-HCl buffer (pH 7.3)
containing EDTA-free protease inhibitor (Complete, Roche), sonicated and re-centrifuged (4000 g, 20 min, 4°C). To recover the largest amount of proteins, the pellet was resuspended again, sonicated and centrifuged and the two supernatants were combined. Samples were supplemented with 15 µL mL -1 of Nuclease Mix (GE Healthcare) and centrifuged (100,000 g, 1 h, 4°C) in a Beckman L8-60M Ultracentrifuge (Type 60 rotor). The supernatants were dialyzed against four volumes of water. Protein extracts were quantified using the QuantiPro TM BCA Assay Kit (Sigma-Aldrich).
Gel electrophoretic separations
For 1D-SDS-PAGE different amounts of soluble protein extract (20, 40 , 80 and 100 µg) were separated on a 12% T SDS-PAGE after protein precipitation in acetone and resuspension in Laemmli loading dye (21) . For 2D-SDS-PAGE aliquots of 100 µg and 400 µg for each of the samples were precipitated using the 2-D Clean-Up Kit (GE Healthcare). After precipitation the samples were resuspended in 340 µL of rehydration buffer (GE Healthcare) supplemented with 1.7 µL of IPG buffer. Isoelectrofocusing was carried out using 4-7 18 cm Immobiline™ DryStrip gels strips (GE Healthcare Bio-Sciences, Uppsala, Sweden) in a IEF-SYS (Biostep, Jahnsdorf, Germany) under a constant current of 3 mA. The strips were then focused according to the following electrical conditions: 500 V for 1 h, 1000 V for 1 h, 5000 V for 3 h, held at 5000, 6000
for 3 h and held at 6000 for 5h until a total of 15000 Vt was reached. After focusing, IPG strips were reduced in an equilibration buffer (6 M urea, 30% (V/V) glycerol, 2% (w/V) SDS, 0.05 M Tris-HCl, pH 6.8) 1% (w/v) with DTT, and subsequently alkylated with 2.5% (w/v) iodoacetamide.
SDS-PAGE was done using an electrophoresis unit TV100 (Biostep, Jahnsdorf, Germany) cell.
Tris glycine was used as a running buffer. Migration was performed at 120 V and 160 V for 1D and 2D respectively. After electrophoresis gels were stained with Coomassie blue; after staining, gels were washed with a destaining solution containing 10% acetic acid and 10% methanol, then with water, and put on Whatman 3MM Chromatography paper, covered with Saran film. Gels were dried for 1h at 80°C using a vacuum dryer Hoefer Slab Gel Dryer GD 2000 (Amersham Biosciences).
Strips scanned by LA -ICP MS were kept in fixing buffer (30% ethanol, 10% glycerol) for 30 min and were dried under laminar flow for 4 h.
Laser ablation ICP-MS analyses
NewWave Se, and 80 Se) were monitored in the collision cell mode using 3.6 mL min -1 of H 2 as the collision/reaction gas. 78 Se (23.78%) provided the highest S/N ratio and was used for analysis. All the parameters were optimized using as standard bovine glutathione peroxidase 1 (GPx1) from Sigma-Aldrich. To obtain two-dimensional (2D) images of selenium distribution, 2D gel was systematically screened (line by line), with a distance between lines of 0.80 mm. The number and the length of lines depended on the dimension of the interesting gel area. LA-ICP MS data files for each analysis were converted into Excel files used to produce both electropherograms and 2D gel images. Finally, the images were plotted using programming a script in MATLAB 7.9.0 computing software. The absolute LOD for Se detection in PAGE gels was 15
pg. The effects of the instrumental parameters and the analytical performance of the method were discussed in detail elsewhere (22, 23) .
In gel protein hydrolysis
Areas corresponding to the 10 spots most abundant in terms of selenium concentration were excised from a gel obtained in the identical conditions in parallel and digested with trypsin. Before adding the enzyme, the excised pieces of gel were washed twice with 200 µL 200 mM ammonium bicarbonate in 40% acetonitrile at 37 °C. The washing solution was discarded and the pieces of gel were dried under a nitrogen flow. Protein digestion was performed overnight with 20 µL of 20 µg mL -1 solution of trypsin (Proteomics Grade from Sigma-Aldrich) and 50 µL of 40 mM ammonium bicarbonate in 9% acetonitrile at 37°C. Then, samples were filtered using a 10 kDa cutoff Vivacon 500 filter (Sartorius, Gottingen, Germany) by centrifugation at 7000 g for 20 min.
Capillary HPLC with the parallel ICP-MS and electrospray LTQ Orbitrap MS/MS
An Agilent 1260 Infinity 2D HPLC system consisting of an isocratic binary and a capillary pump was used (24) . The mobile phases A and B were 0.1 % formic acid and 0.1 % formic acid in acetonitrile, respectively. After loading, the peptide mixture (8 µL) was first concentrated on a ZORBAX 300SB C18 (5µm 35 x 0.5mm) enrichment column (Agilent), by using the isocratic pump. Then, the analytes were eluted in back flush by the capillary pump and separated on a ZORBAX 300SB C18 (3.5µm 100 x 0.3mm) column at flow rate of 4 µL min The same chromatographic system was coupled alternatively to ICP MS and Orbitrap MS.
The retention time correction (e.g. for the different tubing length) was done by overlapping the UV chromatograms from the different runs.
The ICP MS instrument was Agilent 7700cs ICP-MS (Agilent, Tokyo, Japan) connected to the capillary column via a total consumption micronebulizer (24) . 5% of O 2 was added to the plasma gas. ICP-MS was used in the collision cell mode using 10 mL min -1 of He as the collision/reaction gas. A tryptic digest of a bovine glutathione peroxidase 1 (GPx1) was used to check the performance of the system. The LOD for the capHPLC-ICP MS was 0.3 pg (referred to 40% acetonitrile).
The ESI mass spectrometer was Velos Orbitrap (Thermo Electron, Bremen, Germany) operated in positive ion mode with the following parameters: heater temperature 50°C, sheath gas 
Protein identification
The raw data were processed using the Xcalibur software version 2. 
Results

Selenium uptake by L. reuteri Lb2 BM-DSM 16143 during growth
The ICP-MS analyses were performed on the pellet, supernatant and EDTA wash recovered from cultures of L. reuteri grown as described in the Experimental section. Since preliminary results (data not shown) indicated that there was no uptake of Se from the medium during the lag phase, attention was focused on the exponential growth phase. There was no Se loss during the experimental steps.
FIGURE 1
Detection of selenium-containing proteins in the gels by laser ablation -ICP MS
In order to locate rapidly and precisely the selenium-containing proteins in large 2D electrophoresis gels, a sample was divided in four aliquots. Two of them were analysed by 1D SDS PAGE -LA Therefore, 78 Se was chosen for analysis.
The LA-ICP MS electropherograms of 1D gels allowed the identification of the areas in the 2D gel supposed to contain proteins having accumulated the highest amount in Se. The most intense signals in the IEF were in the range of 4.5-6 pI and SDS -PAGE indicated the presence of major peaks in the 45-97 kDa mass range. The areas corresponding to these characteristics in the 2D gel were submitted to LA -ICP MS imaging analysis to localize precisely the position of the Se-bearing proteins. The approach is illustrated in Fig. 2a . The subsequent analysis focused on the 10 proteins which were the richest in terms of the accumulated selenium content.
FIGURE 2
Identification of the selenium-containing proteins
The areas corresponding to the 10 most intense Se spots were excised from the 2D electrophoretic gel which had not undergone the LA-ICP MS imaging (Fig. 2b) , de-stained and digested with trypsin. The identification procedure schematically illustrated in Fig. 3 targets in particular the Secontaining peptides which are detected after capillary HPLC separation in parallel by ICP MS and electrospray Orbitrap MS. The 78 Se isotope intensity was measured on-line by ICP MS in order to detect selenium-containing peptides (Fig. 3a) . The ICP MS detection is essential to guarantee that no Se-bearing species escapes ESI MS detection, and thus to conclude on the speciation of all the selenium in the proteins under study.
The HPLC -Orbitrap ESI MS/MS analysis in the same chromatographic conditions allowed the identification of the Se-containing peptide(s) (Fig. 3cd) and a number of other peptides (Fig.   3b ) allowing the identification of the protein as in a canonical bottom up approach. As an example figure 3c shows the MS/MS spectrum of the selenocysteine-containing peptide from spot 1. From the interpretation of the MS/MS spectrum it was possible to localize the modification site at level of Cys 151 within the sequence of the phosphoketolase enzyme. The comparison between the retention time of putative selenocysteine-containing peptide from capillary HPLC with parallel detection ICP MS (Fig. 3a) and electrospray LTQ Orbitrap (Fig. 3d) is reported, showing a perfect correspondence of the peaks related to peptides containing selenocysteine. Similar results were obtained for all the putative selenocysteine-containing peptides detected in different protein spots.
The raw data from mass spectrometry were used for the identification of protein through the MASCOT online software, obtaining good results in terms of total protein score and sequence coverage the identified proteins and all the selenopeptides are reported in Table 1 
Speciation of selenium: SeCys is the only form detected
The incorporation of selenium into amino acids was evaluated by analyzing all the methionine-and cysteine-containing peptides, searching for characteristic mass shift on scan spectra in the 300-1200 m/z range. Selenium isotopic pattern was observed for all reported peptides, and it was correlated with the theoretical prediction; moreover high accuracy (< 2ppm) was achieved owing to the high resolution (60,000) (Fig. 3b) .
The fine sequencing of the selenopeptides was reached by manual interpretation of the fragmentation spectra obtained in both the automatic and manual mode. For some peptides it was not possible to obtain adequate information from MS/MS spectra obtained in the data dependent acquisition mode because of the presence of interfering ions or due to very low relative abundance of the selenopeptides. The search for selenocysteines and selenomethionines was processed manually, by adding the specific mass shift regarding the substitution Se/S (+23.97223 and +15.98149 for double and triple charged peptides).
It is worth noting that in some cases the fragmentation spectra of SeCys-containing peptides were obtained by further SIM experiments because of the poor relative intensity of m/z signals in the Orbitrap TIC. However, when the fragmentation spectra of selenocysteine-containing peptides were acquired in automatically LC-MS/MS, the addition of the specific modification in Mascot, allowed the identification of SeCys as a modification, as reported in the Table S1 .
The retention-times of all the SeCys-containing peptides were matched by the elution of Se observed in HPLC-ICP MS and all the peaks in HPLC-ICP MS chromatograms could be matched by an MS/MS identification. It can therefore be concluded that all the Se present in the 10 richest in terms of the Se-content soluble proteins was in the form of selenocysteine. No selenomethionine was detected.
Sulfur-containing homologies of all the Se-containing peptides were found at concentrations exceeding a factor of 5. The difference of the retention time between the selenopeptides and the corresponding sulphur peptides was ca. 15s (Fig. 4) .
The substitution Se/S seems to occur in specific cysteine residues within protein sequence.
An explicative example is represented by GAPDH (spots 5, 7, 8) and arginine deiminase (spot 3)
where only 2 of the 3 cysteine residues were substituted. However, in this study no detectable increase in Se concentration was observed in the pellet wash, suggesting that the internalized selenium was metabolized mainly in a different way from the detoxification mechanism, and inserted into proteins. Moreover, the decrease of Se concentration in the biomass and the corresponding increase in the medium after 6 h growth suggests that internalized selenium is released into the external environment, probably incorporated into proteins.
Size-exclusion LC fractionation of the soluble protein extract using ICP MS detection indicated (data not shown) that about half of the internalized Se was covalently incorporated into proteins. An in depth investigation of the Se-incorporation in protein by 2D GE -LA-ICPMS, demonstrated that in this L. reuteri strain all the Se present in the proteins is incorporated as selenocysteine (SeCys), while methionine/selenomethionine substitution, which is typical for other microorganisms, such as yeast (25), did not occur. Note also that, in contrast to literature (26) , the method developed here allows the preservation of the SeCys moiety during analysis Indeed, no dehydroalanine residues were detected.
The results corroborate data obtained by autoradiography using 75 Se and 14 Ccarboxymethylseleno-cysteine indicating that lactic acid bacteria are able to incorporate selenium into intracellular proteins only as SeCys (27) . SeCys 2 (seleno-cystine, containing a di-selenide bridge) and MeSeCys (methyl-selenocysteine) were also the predominant organic forms of selenium detected in the Se-enriched yogurt containing Lactobacillus species (28, 29) .
Our data determine the exact position within the primary sequence of proteins in which SeCys is inserted. SeCys was found in two glycolitic enzymes (glyceraldehyde 3-phosphate dehydrogenase, spots 5, 7, 8; pyruvate kinase, spot 2), two pentose phosphate pathway enzymes (phosphoketolase, spot 1; 6-phosphogluconate dehydrogenase, spot 4), two ADI pathway enzymes (arginine deiminase, spot 3; ornithine carbamoyltransferase, spot 6) and a ribonucleoside hydrolase RihC (spots 9, 10) in this L. reuteri strain. In some of these enzymes (PKP, PK, 6PGD, OTCase and RihC) all the cysteine residues reported in the sequence were modified into selenocysteine. In contrast to that, GAPDH and ADI behave in a different way: although they have in the primary sequence three Cys residues but in both enzymes only two of them are replaced by SeCys. In both cases two cysteine residues were present in the same peptide, Our data demonstrate that in this L. reuteri strain Se insertion into proteins exclusively occurs as selenocysteine, although the insertion mechanism still remains to be determined. Since in GAPDH and ADI there is a specific substitution of only two of the three Cys residues, it can be suggested that the insertion of SeCys can be genetically encoded, according to the mechanism used by other bacteria (4, 16) . This hypothesis should be verified by analyzing gene sequences of the identified proteins searching for UGA codon and putative SECIS elements. However, the prediction of UGA codon and SECIS elements in prokaryotic cells is difficult, since most of the predictive tools are set for eukaryotic systems. An attempt to find a specific SeCys insertion sequence using the bSECISearch tool developed by Zhang and Gladyshev (33) carried out here did not give any positive result.
In this paper, it was demonstrated that L. reuteri Lb2 BM-DSM 16143 is able to uptake inorganic Se from the medium and to metabolize it into an organic form incorporated into proteins that are crucial for the bacterial energy metabolism. The peculiarity of this strain is its ability to exclusively insert Se into selenocysteine. To the best of our knowledge, this is the first study that describes this event in a probiotic lactic acid bacterium, specifically identifying the sites in which cysteine/selenocysteine substitution occurs. L. reuteri Lb2 BM-DSM 16143 can therefore become a viable alternative to Se-rich yeast as a food supplement in Se-deficient subjects. 
